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The (111) surface of copper (Cu), its most compact and lowest energy surface, became unstable when exposed to carbon monoxide (CO) gas. Scanning tunneling microscopy revealed that at room temperature in the pressure range 0.1 to 100 Torr, the surface decomposed into clusters decorated by CO molecules attached to edge atoms. Between 0.2 and a few Torr CO, the clusters became mobile in the scale of minutes. Density functional theory showed that the energy gain from CO binding to low-coordinated Cu atoms and the weakening of binding of Cu to neighboring atoms help drive this process. Particularly for softer metals, the optimal balance of these two effects occurs near reaction conditions. Cluster formation activated the surface for water dissociation, an important step in the water-gas shift reaction.
A n extensive array of surface-sensitive characterization techniques that provide structural (e.g., electron and x-ray diffraction and scanning probe microscopy) and spectroscopic (e.g., Auger electron, x-ray photoelectron, infrared, and Raman) information (1, 2) have revealed the structure of many crystal surfaces in their pristine clean state. Most of these studies are carried out in ultrahigh vacuum (UHV), which makes it possible to control sample composition and cleanliness to better than 0.1% of a monolayer (ML). Under realistic ambient conditions, however, our knowledge is far less extensive, because the most sensitive techniques using electrons cannot operate in the presence of gases at pressures above~10 −6 Torr. Of particular interest is the structure of surfaces in dynamic equilibrium with gases at near-ambient pressure and temperature (1) . Under these conditions, weakly bound adsorbates can be present in considerable densities, a situation that can also be achieved under vacuum, but only at cryogenic temperatures. The surface structures obtained in such rarefied conditions often represent kinetically frozen states and may not be representative of the structure under practical operating conditions. Here, we overcome this difficulty using high-pressure scanning tunneling microscopy (HPSTM) (3) (4) (5) (6) (7) (8) and ambient pressure x-ray photoelectron spectroscopy (APXPS) (9, 10) , which make possible the study of surfaces in the presence of gases at or near atmospheric pressures at room temperature and above.
Copper-based heterogeneous catalysts are used in reactions such as water gas-shift (WGS), methanol oxidation, methanol synthesis, and others (11) (12) (13) (14) (15) (16) (17) . The weaker cohesive energy of Cu compared with other metals, such as Pt (3.50 versus 5.84 eV), is an important factor that influences (18, 19) its response to CO adsorption, as we will show here. Because of its high cohesive energy, Pt(111) is stable under CO at pressures of up to at least one atmosphere (20, 21) , although stepped surfaces restructure under CO due to the increased binding strength of CO at step edges (22) . For Cu(111), the densest and lowest energy surface, the adsorption of CO (weaker in energy than on Pt by a factor of~1.7) causes a much larger restructuring in the form of metal clusters formed by detachment of atoms from the steps. These clusters are mobile and adopt particularly stable sizes and shapes, including 3 and 19 atoms. With the help of density functional theory (DFT) calculations, we explain the findings as resulting from the increased adsorption energy of CO at low-coordinated Cu atoms, together with the lowering of the binding energy of the metal atoms bound to CO [experimental details of sample preparation, HPSTM imaging, and methodology used in DFT calculations are explained in detail in the supplementary materials (23)]. The cluster-covered surface is stable at room temperature (in the scale of hours) after desorption of CO when the gas phase is evacuated, and this surface is extremely active in the dissociation of water, an important step in the WGS reaction.
An image of the clean Cu(111) surface under UHV (Fig. 1A) shows micrometer-scale terraces, atomic steps, and a few screw dislocations are visible. After introduction of 0.1 Torr of CO in the chamber, a new structure was observed along the step edges, while the rest of the terrace remained atomically flat (Fig. 1B) . At 0.2 Torr, the terraces became covered with nanoclusters ( Fig. 1C ) that increased in density with CO pressure until the clusters filled the surface ( Fig. 1D and fig. S3 ) (23) . The CO coverage, evaluated from APXPS measurements in a different chamber under identical conditions, increased from 0.06 ML at 0.1 Torr to 0.09 ML at 0.2 Torr and to 0.16 ML at 0.5 Torr of CO (24) .
The structure of the clusters formed at 0.2 Torr of CO is shown in Fig. 2A . A roughly bimodal size distribution is apparent, with small clusters 0.5 nm in diameter with poorly resolved triangular shape and larger hexagonal shape clusters 1.5 nm in diameter. We associate the first with three Cu atom clusters with an apparent height about half that of a monatomic step, similar to the case in UHV studies (25) . The larger ones we assign to 19 atom clusters forming hexagonal closed-shell structures (typically with an apparent height corresponding to a monatomic step). The 19-atom closed-shell structures ("magic number" clusters) are reported to be the building blocks for the homoepitaxial Cu growth on Cu(111) (26) . Sometimes the clusters contain a few more atoms ( fig. S1) (23) or come in contact with each other, forming aggregates that separate again later as a result of thermal mobility, which causes the clusters to evolve spatially in the scale of minutes, as illustrated in fig. S2 (23) . Time-lapse images show the clusters forming by splitting from step edges and growing by coalescence and accretion of smaller clusters. At 1 Torr, the clusters increased further in size and density ( fig. S3) (23) . These clusters are not aggregates of CO molecules, because their height is close to that of the steps, whereas CO produces a contrast of only a fraction of an angstrom (27) .
High-resolution images (Fig. 2 , B and C) showed that the perimeters of the clusters contain bright maxima arranged in hexagonal (C 6 ) or trigonal (C 3 ) symmetries, which we attribute to CO molecules. The presence of CO bound to Cu edge atoms can be rationalized by the energy gain obtained by CO adsorption on low-coordinated Cu atoms. As discussed below, DFT predicts that 12 CO molecules, one for each atom in the periphery of the 19 atom cluster, are necessary for energetic stability, and only the molecules bound to corner Cu atoms appear bright. The three-atom clusters require three CO molecules for stability. From the known CO coverage (from APXPS) and from simple cluster counting in the STM images, we conclude that all the adsorbed CO molecules are bound to the cluster edges, leaving the rest of the surface with a negligible CO coverage below 0.01 ML.
At pressures between 10 and 100 Torr, the surface was completely covered with clusters that were larger and closer to each other, making estimation of their individual sizes difficult because of finite tip-size effects. Figure 1D shows an example of the topography of the surface under 10 Torr of CO, with clusters densely covering adjacent terraces separated by monatomic steps. Unlike the case for pressure below a few Torr, the clusters are now completely covered by CO molecules, imaged as bright spots separated by distances of ffiffi ffi 3 p and 2 times the Cu atomic periodicity and aligned in directions forming 60°and 90°b etween them. A similar surface was also observed at 100 Torr of CO ( fig. S4) . We interpret the observed STM contrast as arising from atop site CO molecules in local (2×2)-3CO and c(4×2) geometries with coverages of 0.75 and 0.5 ML, respectively. In mixed top and bridge or hollow CO sites, the STM contrast is large only for the top sites (21, 28) . The (4×4) superstructure reported at cryogenic temperatures (29) was not observed here.
The CO-promoted formation of metal clusters on Cu(111) contrasts with the case of Pt(111), where no clustering is observed, and with the stepped Pt(332) and Pt(557) surfaces, where clusters form and entirely occupy the terraces (22) . The CO adsorption energy on Pt is > 1 eV, but on Cu(111), this energy is only~0.5 eV. However, Cu has a much lower cohesive energy of 3.50 eV compared with the 5.84 eV of Pt (18, 19) . The low cohesive energy of Cu has many manifestations, such as the frizzled appearance of the steps of the clean surface at room temperature caused by kink atom diffusion (30), which was not observed on Pt.
On the Cu(111) surface, we calculated the formation energy of a Cu adatom by detachment from kink sites as 0.83 eV, indicating that on a clean surface the formation of clusters is energetically unfavorable. However, the adsorption of CO on a kink site reduces the detachment energy of CO+Cu molecule-adatom couples to 0.63 eV because of the difference in CO adsorption energy on a kink site and on a Cu adatom, which we calculated as -0.77 eV and -0.96 eV, respectively. The mobility of the Cu adatoms on (111) terraces can be predicted from the calculated potential energy surface that shows a diffusion barrier of 0.14 eV ( fig. S5) (23) . This barrier decreases to 0.10 eV for the Cu+CO couple. The lowering of the binding energy of metal atoms by adsorbed CO, leading to their detachment from the steps and their higher mobility on the terrace, is known as the "harpooning" effect (31). The higher density and diffusion rate of Cu+CO couples on the surface is the reason for their coalescence into clusters.
A detailed look at the Cu clusters, colored in Fig. 2A , shows that two types of CO decoration motifs exist, with C 6 and C 3 symmetry (Fig. 2, B and C). To explain the formation, stability, and structure of these clusters, we start by placing six CO molecules on the six corner Cu atoms of a 19-atom hexagon, plus one additional CO on the top site of the center atom. The DFT calculation for this cluster provides a CO adsorption energy of 0.83 eV on the low-coordinated corner sites, much greater than the 0.47-eV adsorption energy on the flat terrace. The adsorption energy of CO in the cluster's center is 0.47 eV, similar to the flat surface. The total energy gain from the six corner CO molecules (2.16 eV) is not enough to overcome the formation energy of a 19-atom cluster, which we calculated to be 3.61 eV (table S2) (23) . Adsorption of CO molecules to each Cu periphery atom (i.e., including those in the middle of each side), however, results in an energy gain averaging 0.82 eV per CO. Hence, the formation of the 19-atom cluster with 13 CO molecules is -0.59 eV (Fig. 2B) , meaning that it is energetically favorable (table S2) (23) . The CO molecules on this cluster have different adsorption geometries with tilt angles of 0°, 26°, and 37°with respect to the surface normal for the central, edge, and corner CO molecules, respectively.
The observation of only six bright spots at the periphery (plus the central spot) is related to the electronic structure and tunneling probability of the different CO molecules. We illustrate this by calculating the tunneling current probability using the standard Bardeen approximation [equations 2 and 3 in (23)] and the calculated partial density of states (DOS) for CO molecules on the cluster and on the tip ( fig. S6 ) (23) . The calculation reveals that the CO molecules on the corners indeed have greater tunneling contributions than the CO molecules on the edges, qualitatively explaining the experimentally observed contrast of the STM images with the six bright spots plus one in the center, as shown in Fig. 2 Fig. 4B) (32) , whereas it dissociatively adsorbs on the more active Cu(110) surface (32) . Once the gas phase CO at 1 Torr was pumped away, the STM images revealed that the Cu clusters were still present, although atomic resolution could not be achieved, likely because of the absence of CO molecules adsorbed on the tip in high vacuum (Fig. 3A) . In the presence of 2 × 10 −9 Torr of H 2 O, the cluster-covered surface was very active in dissociating water, as shown by the increasing oxygen peak in both the Auger electron spectra (AES) shown in Fig.  3B , and in the XPS spectra shown in Fig. 3C . The APXPS spectrum indicates that the O peak is a result of the dissociative adsorption of H 2 O (Fig. 4A) and that no such peak appears after experiments at 0.1 Torr of CO because clustering of the Cu did not occur at lower CO pressures (Figs. 1B and 3B). A similar effect was also observed during exposure to CO+H 2 O mixtures, as shown in Fig. 4A . The pristine Cu(111) surface, on the other hand, not pre-exposed to CO, is inactive (Fig. 4B) . Our findings open the possibility that other soft materials (e.g., Ag, Au, and Zn) can similarly undergo large reconstructions at sufficiently high pressures of CO (or other molecules). We have also demonstrated that the inactive (111) face of Cu for water dissociation, a key step in the water-gas shift reaction, becomes highly activated as a result of the CO-induced clustering. The need for this type of study to extend our understanding of the working of catalysts under operating conditions is clear.
